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SUMMARY 

A brief  investigation has been copducted in the WCA Lewis altitude 
wTnd tunnel t o  determine the  steady-state engine  windmilling character- 
i s t ics  and engine speed  decay characterfrjtics of the 534-WE-32 turbojet 
engine over a range or s fmulated alt itudes from 5000 t o  50,000 feet  and 
simulated f l igh t  Mach  numbers from 0.19 t o  1.06. For p a r t  of the 
investigation of the engine ,speed decay characteristics, an accessory 
load waa wed 011 the engine. The accessmy load waa approximately con- 
stant  at  7.8 horsepower for engine speeds above 4000 rpm and decreased 
with  decreasingengine speed. An analyeis of the engine speed decay 
data was -made and engine  speed decay rates were determined for sever& 
hypothetical  accessory load conditions. 

Corrected steady-state engine windmilling drag and speed without 
an accmsor;g load are presented as a function of f l ight  Mach number. 

The effect of higher  altitudes was t o  increme  the time required 
for the engine speed t o  decay f"rom the initial speed t o  the  steady- 
s ta te  engine w i n d m i l l i n g  speed,  while the  effect of increasing  flight 
Mach nmber was to decrease the time required. 

A t  an altitude of 5000 feet and a - f l i gh t  Mach  number of 0.27, an 
acces6ory load of the magnitude used in thie  investigation had negli- 
gible  effect on the engine speed decay characteristics. A t  40,000 feet, 
a maxfmum difference of 500 rpm occurred i n  the engine speed range 
ne= 2000 rpm. 

Analysis of the engine speed decay data with hypothetical acceseory 
loads from 0 t o  40 horsepower at' altitudes of 5000 and 40,000 feet and 
with  a flight. Mach nmber.-of 0,27 indicated  that  the engine decelerates 
more rapidly a t  5000 feet .   al t i tude than a t  40,000 feet when the engine 
speed ie over 3000 rpm. A t  engine speeds below 2000 rpm the  deceler- 
ation is mre rapid a t  40,000 feet .  Under steady-state  widmilling 
oonditiona, greeter acceaspry power may be extracted froan t h e  engine 
a t  5000 than a t  40,000 feet  altitude. 
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As part of an over-all  investigation of the performance and opera- 
tional  characteristics of a 534-WE-32 turbojet  engine i n  the NACA Lewis 
alt i tude FJind tunnel; a brief  study waa made of the  steady-state engine 
windmilling characteristics and engine speed decay characteristics ( the 
ra te  of engine s p e d  decay occurring after fuel  cut-off). 

. .. 
" .. 

There is a- t rend  in  mcdern aircraf t  des- t o  depend increasingly 
on accessory power for safe f l igh t .  In the event of cmbustion blow- " 
out or other engine failure,  the time eufficient power is available for 
rapid, sure operation of landing gear, flaps,  cdntrol  parer  boost,  etc., 

available  duration of auxiliary power obtained from engine driven  acces- 
sories  in t he  event of cambustion  blow-out or other engine f a i lwe .  The 
time, following blow-out, in w h i c h  the  pilot a chaace t o  restart t h e  . - __ 
engine is a k o  indicated. The steady-state engins  windmilling  charac- 
te r i s t ics  -re obtained only for  tha  condition of no accessory load. 
The engine speed-decw  characteristics were obtained with and without 
an accessory load. T s i c a l  windmilling accessory power requiremente 
f o r  a modern fighter type airplane  are of the order of 20 horsepower a t  
4000 q m  and 5 horsepower at 2000 rpm. However, the accessory load 
available f o r  this investigation wa8 limited to 7.8 horsepower at 3 

4000 rpm, and it decreased t o  zero at about 1000 rpm. An analysie XBB 
therefore made which  &de the experimental speed decay data t o  
higher  accessory l o a d s .  
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be cr i t i ca l .  Consideration is given  herein t o  the problem of 
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Data are presented  hereln to show the  effects of al t i tude from 5000 
to 50,000 feet  and flight Mach  numbers from 0.19 t o  1.06 on the steady- 
s ta te  engine windmilling characteristic#. Alflo presented axe the  effects . 

of alt i tude f r o m  5000 t o  40,000 feet ,   f l ight  Mach  nuniber from 0.27 to- 
0.7, a,nd., t o  a limited  extent, an accessory load on the engine speed 
decay characteristics. 

. " 

The 534-WE-32 turbojet engine (fig. 1) wed i n  this investigation 
had a static  sea-level  rating of 3370- .Pounds thrust E t  an .engine  speed 
of 12,500 rpm and an  exhaust gas tanperatwe .of 1280 F. Main  compon- 
ents of the engine included an eleven-stqe  _axial-fluw compressor, an 
annular direct-flow combustor,  two-atage turbine, diffwer,  afterburner, 
variable-mea exhauert nozzle, and integrated  electronic  control. 

. .  

." 

To e m l a t e  an accessom load, a generator was installed on the 
. 

engine. fphe generator was loaded by pmaing the output current through 
a res istor of apprcucimately 0.141 ohms. Accessory  horsepower was then 
detemined f'rom the following equation: 

. .  

. .  .. . -. . . " . 
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Accessory  homepower = Lierator vo1tage7z 
(0.141) (746) 

The generator  voltage  re-lator  maintahed approxbnately c m t a n t  voltage 
(ad therefore power) a t  engine speeds above 4000 rpm. A t  engine  speeds 
below 4000 rpm, the  voltage decreased with engine speed. Becawe the 
generator was designed for *e on an engine of lower rated speed,  a con- 
tinuo- operation of the engine at engine s p e d  above 8000 rpm w a s  not 
POSSible. 

The engine w a s  mounted on a wing in  t4e  test  section of the  altitude 
wind tunnel  (fig. 1). Dry refrigerated air w&8 supplied t o  the engine 
through a tunnel make-up a i r  system. The air, approximately at  sea-level 
pressure at   the  entrance of the make-up air system, was throttled t o  a 
pressure at   the engine inlet  corresponding t o  the desired flight con- 
ditions. Engine inlet temperatme correspond t o  WCA standard altitude 
conditions except for conditione requiring temperatures below -20’ F, 
which  could not be obtained. 

To record  the  transient  condition of the engine during an engine 
speed decay run, oscillograph instrument8 were used to  record engine 
speed, indicated air speed, and accessory generator  voltage. Conven- 
tional form6 of instrumentation -re also wed t o  calibrate the Oscillo- 
graph data and t o  determine the steady-state engine windmilling 
performance (f lg. 2) . 

A list of the spbol8 and methods of  calculations used in   this  
report axe presented in appendixes A and B, respectively. 

The steady-state engine  windmilllng data w e r e  obtained  without  the 
accessory load at  altitudes from 5000 t o  50,000 feet  and over a range of 
f l igh t  Mach  numbers from 0.19 t o  1.06. 

All engine speed’decay aata were obtained by simulating canbustor 
blow-out by closing a-solenoid operated  valve in the engine fuel  line, 
when the engine was in  steady-state  operation. Because of the accessory 
design  limitation, aa mentioned ear l im,  an i n i t i a l  engine speed of 
approx-lmately 8000 r p m w a a  u s . e d  for the main portion of the engine speed 
decay runs. Data were taken a t  Etltftudee of 5000, 10,000, and. 40,000 feet  
at  several -flight Mach nmbera , with and without an accessory load.  The 
only data obtained  with an initial-engine speed of 12,000 rpm were taken 
a t  an altitude of 5000 feet  and a f1igh.t Mach number of 0.27, with and 
without an accessory load. 
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Became of the nature of the t es t  equipment used, it was impossible 
t o  prevent.smal1  variation in  engine inlet  pressure  during an engine CI 

speed 'decay run. H m v e r ,  an investigation of the  data  indicated. that 
the  effect  of-the  variation of engine inlet  pressure from the  desired 
value waa negligible. Became O f  we large .volume of .%e wind tunnel, 
the  tunnel  static pressure remainad approximately conskant during an 
engine speed  decay m. 
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RESULT'S AXD DISCUSSION ' % 
(u 
N 

Steady-State Engine Willamillkg Characteristics - .  

The corrected  steady-state engine w-indmilling drag and speed, 
without an acc.-sory load, m e  presented aa functions of f l ight  Mach 
number in  figures 3 and 4, respectively. Changes in  al t i tude did not 
affect  corrected  steady-atate engine windmilling drag up t o  a f l ight  
Mach  number of approximately 0.5; however, f o r  flight Mach numbers 
above 0.5, the  corrected  steady-state engine windmilling drag decreased 
slightly aa the  altitude waa increased above 25,000 fee t .  The corrected 
steady-state emine windmilling drag a t   a l t i t udes  up to 25,Oc)O feet  
varied f r a m .  0.6 percent of the rated  static  sea-level engine thrust &t 
a flight Mach  number of 0.2 t o  25.8 percent a t  a flight Mach  number of 
0.95. The variation of corrected  steady-state engine windmilling spefrd, 
with f l ight  Mach number ( f ig .  4) W&€I sufficiently small that data for 
altitudee f r o m  5000 t o  25,000 feet  could be represented by a single 
c m e .  Above 25,000 feet,  the  corrected  steady-state engine windmilling 
speed decreased 88 the altitude was increased. For altitudes up t o  
25,000 feet,  the  corrected  steady-state engine windmilling speeds for 
flight Mach  numbers of 0.2 d 0.95 -re 1150 and 6950 rpm, respectively. 

. .  .. - 

. ., 
.. 

Engine  Speed Decay 

Typical  oscillograph traces for an engine speed dewy run w i t h  an 
accessory load axe shown in figure 5. The extent of the  indicated air 
speed variations is typical of all the rw18 which -re made from an 
in i t i a l  engine 'speed of approximately 8000 rpm. 

. ". . 

.. "_ 

Data frm slmilar oscillograph  traces were t rwfe r red   i n to  a more 
convenient fonm and have been cmbined t o  ehow the  effects of altitude, 
f l ight  Mach number, and accessory load on engine speed decay in   f ig-  
u r e ~  6, 7, and 8, respectively . . .  

Effect of altitude. - The ra te  of engine speed decay is dependent 
on: (1) the  inertia of the rotating elements , (2) ram e n e r a  of the = 

incoming a i r   in to  the engine inlet, (3) mechanical f r ic t ion of the 
rotating p a r k  , and (4) internal aerodynamic fr ic t ion of the engine. 
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As altitude is increwed, 'the inertia. and mech&ical f r ic t ion of the 
rotating p&s remain essentially  conatant, while the magnitudes of the 
ram energy of the incoming a i r  and the  ' internal aerodynamic fr ic t ion of 
the engine decrease. The effect on the  rate of engine speed-decay, of 
increasing  altitude at a flight Mach nmber of 0.27 is shown in  f igure 6. 
The t h e  required f o r  engine spe& to decay fram approx-tely 8000 rpm 
t o  2000 r p m  increamd frm 16 seconds a t  5000 fee t   to  43 seconds a t  
40,000 feet .  Theref ore it is evident  that the difference between the 
internal aerodynamic fr ic t ion of the engine and the energy of the ram 
a i r  its greater at low than at high altitude.  Erbrapolation of the speed 
decay CUTVBEI t o  &R i n i t i a l  speed of 12,000 rpm indicates  that  decelera- 
tion fram 12,000 t o  8000 rpm would occur in approximately 2 seconds at 
an altitude of 5000 feet  an& i n  about 4 to 6 secunda a t  an altitude of 
40,000 feet .  Thus the speed decay time from  12,000 t o  2000 rpm would be 
increased froan  18 secods  a t  5000 feet  to about 48 seconds a t  40,000 feet .  

Wfect of f l igh t  Mach nmber . - From figure 7, it is seen that speed 
decay rates between engine ape& of 8000 and 6000 -were not  appreciably 
affected by flight Mach nwber ah any altitude  within  the range investi- 
gated. The probable  reason is that at high  engine  speeds the ro to r  
inertia 3.8 high 8~ compared t o  the f r ic t ion lossee a& ram energy of the 
in le t   a i r  stream. A t  engine speeds below 6000 rpn, the r a t e  of speed 
decay decreased  with an inmeaee in f l igh t  Mach nuniber. Hmever, pecawe 
the  difference between the initial engine speed and. steady-state engine 
windmilling  speed  decreaeed w i t h  increasing  flight Mach nuniber, the 
effect of increaeing flight Mach  number w&8 t o  decrease the tims  required 
f o r  the engine speed t o  decay from the   in i t ia l  speed t o  the  shady-state 
engine  wimimilling  speed. At 10,000 feet   the time required f o r  the engine 
speed t o  decay f r o m  the   in i t ia l  speed t o  t h e  steady-state windmilling 
speed was decre-86. f r a n  48 t o  19 seconds by increming flight Mach 
number from 0.27 t o  0.7. A t  40,000 feet, tple time decreased from 84 t o  
58 seconds when flight Mach pmber vas increaed f r o m  0.27 t o  0.53. 

Effect of accessory load. - The expected effect of adding an 
accessory load t o  a n  engine IE to increase the s p e d  'decay rate.  E-- 
ever, In this investigation, the magnitude of the  accessory  load was 
small (7.8 hp fo r  engine speeds above 4000 q m  and decreasing  with 
speed a t  lower speeds) compared t o  the  other  forces  acting on the 
engine during  a speed decay, particularly at the  higher 
speeds.  Gohssquently, at 5000 feet  altitude, the load and no-load speed 
decap curves .shown in figure 8 are coincident,  while a t  40,000 feet   the 
mxirmrm. difference between the two conditione 'W&B about 500 rpm, and %hie 
occurred i n  the range of engine speede new 2000 rpn. 9% accessory load 
a t  40,000 feet altitude had decremed t o  approximately one horsepower a t  
an engine speed of-2000 rpn. lY load6 of the  order of one o r  two home- 
parer had been maintained a t  spe& lower than 2000 rpm, it is pmsible 
that  the decay curves would have been afYeoted omeiderably in this  speed 
range. 
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Andysls of Eszgine Speed Decay Data 

Because of .the previously mentioned lFmitatiom of the power 
extraction deyice, the effect of la;rger,or mre representative  acces- 
sory loads on engine speed decay characteristics ( p d i c u l m u  near 
the  steady-state windmilling ep0ed) were not .defined. Consequently, 
an analysis waa made and speed decq   r a t e s  were 'determined for  several 
hypothetical load conditinTlEl. Experimental data,.were wed -to determine 
slopes of decay carves and were applied . i n  the ,analysis. No attempt 
w&8 made to extend t h l s  analpis for engine speeds below the  steady- 
state engine WinamillSng epeed obtalned  with no accessory load, because 
exgerhrmntal data showing the effect of accessory load. on steady-stat6 
engine windmilling speed were not obtained. A more comglete description 
of the analpis b given in appendix B. . 

.. - . .  

The reeults of .the analyeis, in  which constant  hypothetical acmes - 
sO.r;y lo& of 5, 10, 20, and 40 horsepower .were i ~ p o s e d  on the w i n e  
dLWiZ2g an engine ape.& decay, 89.8 presented figure 9. For en@;ine 
speeb over 3000 rpm, the Slopes of t h e  speed decay c m e s ,  with any 
given  accessory load, are greater a t  500.0. than at  40,000 feet altitude. 
As speed decreafJes belaw 2000 rpm the slopes of the curve8 fo,r 40,000 
feet  became eteeper than . thosexor .  5000 f e e t  .- Erapolation  indicates 
that  accessory l o a h  of the order of 5.h~sepower .mi&t"B€Op the -engine 
at 40,000 feet   al t i tude while it may be posBibie- t o  Attain ste'&y-st;ate 
Wlnamllling with 10- &B -high &B 10 horeeparer at 5000 feet   al t i tude.  

. .  

Since rotor  inertia and mechanical Priction a r e  independent of alti- 
tude,  the  differences between. the  constant acceeeory- load curves for 
5000 and 40,000 feet,  in  figure 9 m t  be due t o  the relative values of 
internal aerodynamic drag and the energy of the ram air (see section 
enti t led "EEfect of altitude"). Ram energy i~ independent' of engine 
speed, but aerodynamic drag irrcreaseB w i t h  angjne speed!. consequently, 
at high engine speeds,  the aerdynamic drag ia coneiderably larger than 
the ram energy. Then, since loth ram energy and aeralynamic drag are 
decremed when altitude is increased sfnce t i e  aerodynamic drag ie 
larger tha.n the ram energy, th6 .engine deceleratea more rapidly  at low 
than at high a l t i t d e .  & engine speed is- decreased, himever, the 
aerodynamfc drag becames h a s  than the ram mer=. w i t h  the result  that 
more power may be extracted from the  engine.at b w  alt i tude than at 
high wtthout  etopping the engine. 

. .  
.~ . . .,-. 

SUMMAHY OF REsoLTs 

1. !Rm corre-cted steady-state engine windmilling drag, without an 
accessory load and at  altitudes up t o  2$, 000- fee%, 'v&Fied from 0.6 per- 
cent o f .  the .rated  static  sea-level engine t-%. et a flight Mach rimier 
of 0.2 t o  25.8 percent a t  a flight Mach nmb.er- of. 0.95: The corresponding 
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2. At altitudes of 5000 and 40,000 feet  ELml without an accessmy 
load, the time required f o r  the engine s p e d  t o  decay from the   ini t ia l  
speed of 8000 rpm t o  2000 rpm WBB 16 and 43 secods, respeotively. A t  
an altitude af 10,000 feet,  increasing  flight. Mach number from 0.27 t o  
0.7 decreased the tlme required f o r  the engine speed t o  deoay  from the 
i n i t i a l  speed of 8000 r p m  t o  the  steady-state engine windmilling speed 
f rom 48 to 19 eeconds . A t  an altitude of 40,000 feet,  increasing f l.ight 
Mach numbem from 0.27 t o  0.53 reduced the speed decay time from 84 to 
58 seconds. 

3. A t  an altitude of 5000 f est ,  the engine speed decay rates  with 
and without an accessory load were equal, wMle a t  40,000 feet  a maximum 
difference of. 500 rpm occurred between the two conditione in the engine 
speed range ne& 2000 rpm. 

4.  Analysis of the data at a f l ight  Mach number of 0.27 and f o r  
the engine speed  decay range between 8000 rpm and no-load steady-state 
engine windmilling speed indicatee  that  with any given  accessory load 
and w i t h  engine speeds over 3000 rpm the engine decelerates more 
rapidly at 5000 feet  t h e n  at 40,000 feet   al t i tude.  With engine speed6 
belm 2000 rpm the  deceleration ia more rapid at 40,000 feet .  1% is 
possible  that a 5-horsepower load would completely stop the r o t o r  at  
40,000 feet ,  but at 5000 feet  a steady-state w i n d m 5 l l i r g  condition 
mi&t be achieved with  a load a8 high as 10 horsepower. 

Lewis Flight Propulaim Laboratoxy 

Cleveland, Ohio 
Rational Advisoq- Cammittee f o r  Aeronautics 
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SYMBOIB 

The following symbols are used in  th ia report : 

NACA RM E51106 . -  

engine w i n d m i l l i n g  drag, lb  

acceleration due t o  gravity, 32.2 ft/eec 

moment ~f inert&, Ib-ft-sec' 

flight Mach number - 

engine speed, rpm 

t o t a l  pressure, lb/sq f t  absolute 

statio pressure, lb/8q ft absolute. 

torque, l b  -f t .. 

gaa constant, 53.3 f t - lb/( lb)  (%) 

t o t a l  temperature, %. 

2 

" 
. .  
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l- Subscripts : 

0 free -air stream 

1 engine inlet 

7 exhaust-nozzle inlet  
N 
ro co 
0) 

9 
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APPEIDIX B 
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Equivalent ambient -air tem;perature. - Equivalent ambient-air 
temperature waa determined from the  following ex-pressioa: 

Steady-state engine windmisling drag. - The engine windmilling drag - 

w a ~  calculated by the following equations: 

where . .. . . . . . 

.... 

Y1-1 - 
vo - J."c Y1-I -@)YI] 

During an engine speed decay, the aerodynamic a d  mechanioal 
friction  forces tend t o  decelerate t h e  engine, while the force due t o  
the ram energy of the incaming a i r  tends t o  accelerate  the engine. 
These forces &re reflected i n  the engine & torquee. During an engfno 
epeed decay, the resultant value of the torque produces a decelerat+ . . . 

in  the engine speed; that is, the torque due t o  t he  aemdynamlc and 
mechanical friction  forces ie greater than the torque due to  the ram c 

. .  

I -  

C 
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energy of the incaming air. When the engine is windmilling i n  a steady- 
s ta te  condition,  the  resultant  torque is equal t o  zero. 

Fram conservation of angular .momentum, which may be expressed 

& = a  (1) 

it is possible t o  determine the 
the engine during a speed decay 
deceleration a for any engine 
experdnta l ly  determined curve 
%he following equation 

value of the resultant  torque  acting on 
nlth no accessory load. The angulax 
speed can be determined fram the 
of engine speed versw time by use of 

AN 
A t  a = -  

With a and I hm, and by use of equation (l), a curve of resultant 
torque vemw engine speed may be plotted. The resultant  torque wa8 
domputed framthe engine speed decay data f o r  altitudes of 5000 and 
40,000 feet and f li&% Mach I.rumber 0.27. 

To determine the value of an@.= deceleration with an accessory 
load, %he fol3ming equation ie used: 

$,' Q e =  lh 



Figure 1. - The J34-"32 turbodet engine installed in test  section of altitude  wind  tunnel. 
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Y&ura 2. - Croee section of englne eharlng locatlcm of inetruumntatlcm. 
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Flight Mach number 

F i m  3. - Variatfon of steady-etate engine windmilling drag with flight Mach 
number. Altitude, 5000 to 50,000 Peeti no ~ c c e a s o r y  load. 



Flight Mch nllPiber 

Figure 4. - Variation of steady-state engine windmilling speed with flight MBch 
number. Altitude, 5000 to 50,000 feet3 no accessory load. 
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(b) h g i n e  speed. 

FlguFe 8.  - Variation of aooeasory load and engine speed with time following  fuel  out-off.  Altitude, 5000 and 40,000 feet ;  
flight moh .number, 0.27.  
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